The rod-shaped enteric intracellular pathogen Shigella flexneri and other Shigella species are the causative agents of bacillary dysentery. S. flexneri are able to spread within the epithelial lining of the gut, resulting in lesion formation, cramps and bloody stools. The outer membrane protein IcsA is essential for this spreading process. IcsA is the initiator of an actin-based form of motility whereby it allows the formation of a filamentous actin 'tail' at the bacterial pole. Importantly, IcsA is specifically positioned at the bacterial pole such that this process occurs asymmetrically. The mechanism of IcsA polarity is not completely understood, but it appears to be a multifactorial process involving factors intrinsic to IcsA and other regulating factors. In this study, we further investigated IcsA polarization by its intramolecular N-terminal and central polar-targeting (PT) regions (nPT and cPT regions, respectively). The results obtained support a role in polar localization for the cPT region and contend the role of the nPT region. We identified single IcsA residues that have measurable impacts on IcsA polarity augmentation, resulting in decreased S. flexneri sprading efficiency. Intriguingly, regions and residues involved in PT clustered around a highly conserved motif which may provide a functional scaffold for polarity-augmenting residues. How these results fit with the current model of IcsA polarity determination is discussed.
INTRODUCTION
Shigella flexneri and other Shigella species are Gramnegative obligate human pathogens and are the causative agents of Shigellosis. Shigellosis can manifest itself as watery diarrhoea or as painful dysentery with symptoms including cramps, vomiting and seizures (Lima et al., 2015; Niyogi, 2005; von Seidlein et al., 2006) . Within this process, the outer membrane protein IcsA is a critical Shigella virulence factor required for adhesion, spreading and lesion formation (Bernardini et al., 1989; Brotcke Zumsteg et al., 2014; Lett et al., 1989; Makino et al., 1986; Suzuki et al., 2002) . IcsA is an adhesin which contributes to initial bacteria-host epithelial cell interactions prior to invasion (Brotcke Zumsteg et al., 2014) . Post-invasion, IcsA recruits the host protein N-WASP (neural Wiskott-Aldrich syndrome protein) from the epithelial cell cytosol, which then attracts and activates actin polymerizing machinery to initiate actin-based motility (Egile et al., 1999; Snapper et al., 2001; Steinhauer et al., 1999; Suzuki et al., 2002; Valencia-Gallardo et al., 2015) .
Secreted by the autotransporter pathway, IcsA has conserved primary structural features required for its biogenesis, including an N-terminal signal peptide, a C-terminal bbarrel domain and a central passenger domain (Leyton et al., 2012) . Amino acid region IcsA1-52 is an extended signal peptide for targeting to the periplasm and IcsA759-1102 includes the b-barrel, which inserts into the outer membrane and plays a key role in passenger secretion to the bacterial surface ( Fig. 1a) (Fukuda et al., 1995; Suzuki et al., 1995) . IcsA53-758 comprises the passenger domain and contains all information necessary for N-WASP binding ( Fig. 1a) (Suzuki et al., 2002) . The passenger also contains a region of Pertactin-like homology (IcsA650-736) and the recently characterized conserved PATR (passengerassociated transport repeat) motif at IcsA526-557 involved in passenger secretion efficiency (Doyle et al., 2015a) . Importantly, IcsA is localized to the surface of the old bacterial pole (the pole which is not derived from the septum of the mother cell) allowing the asymmetrical polymerization and formation of filamentous (F)-actin 'comet tails' which enable intra-and intercellular spreading of S. flexneri in infected intestinal epithelia (Robbins et al., 2001; Schroeder & Hilbi, 2008; Steinhauer et al., 1999) . Hence, all Shigella species require fine regulation of IcsA spatial asymmetry for appropriate functioning in motility. We have previously reported that the specific outer membrane protease of IcsA, IcsP, is targeted to the new cell pole and the septa of dividing S. flexneri (Tran et al., 2013) ; this results in asymmetrical IcsA cleavage to refine IcsA surface polarity post-secretion. However, whilst bacteria that are deficient in IcsP have increased IcsA along the lateral edge, they still have considerable levels of polar IcsA (Robbins et al., 2001; Tran et al., 2013) . Hence, IcsA polarity regulation is multifactorial with initial targeting to the pole coupled with continued maintenance of polarity post-secretion.
The mechanism governing the initial set-up of IcsA polarity is not understood. It occurs before secretion with the help of the IcsA passenger itself which contains Nterminal and central polar-targeting (PT) regions (nPT and cPT), IcsA1-104 and IcsA507-620, respectively (Fig. 1a ) (Charles et al., 2001 ). These regions have been observed to direct fluorescent fusion proteins to the cell pole in S. flexneri, as well as various other Gram-negatives, including Escherichia coli, Salmonella typhimurium, Yersinia pseudotuberculosis and Vibrio cholera (Charles et al., 2001; Janakiraman et al., 2009) . Indeed, heterologous expression of IcsA506-620-GFP fusion proteins has frequently been used to study the nature of spatial protein targeting in bacteria (Fixen et al., 2012; Janakiraman et al., 2009) . However, in previous mutagenesis studies of full-length IcsA, we have found that insertions (5 aa linkers) within the nPT region (positions i56, i81 and i87) were unable to perturb PT, whilst insertions within the cPT region (positions i532 and i563) dramatically perturbed PT, resulting in circumferential distribution on the surface of bacteria (May & Morona, 2008) . These data indicate that the cPT regions plays a more significant role in IcsA PT.
In this study, we further investigated the importance of the intramolecular PT regions in IcsA polarity determination. The results obtained support a role in polar localization for the cPT region and contend the role of the nPT region. We identified residues within the cPT region that, when substituted, dramatically affect the localization of full-length IcsA and the resulting associated virulence traits of the bacterium. We then further refined the region within the cPT region that exerts PT and found that the cPT region residues cluster around a conserved element.
METHODS
Bacterial strains, plasmids and culture conditions. Strains and plasmids used in this study are listed in Table 1 . S. flexneri were routinely grown on Congo red tryptic soy agar to confirm virulence plasmid presence before culture in lysogeny broth (LB) media at 37 uC with shaking. For all experiments, bacteria were subcultured to OD600 0.5 before use. When required, broths were supplemented with antibiotics at the following concentrations: ampicillin (100 mg ml 21 ), tetracycline (10 mg ml 21 ) and kanamycin (50 mg ml 21 ).
DNA methods and mutagenesis. The C-terminal GFP + fusion vector pRMA2611 was constructed by ligating the gfp + -bearing Eco RV/Eco RI fragment of pWH1012gfp + into similarly digested pBBR1MCS2. Amplification of icsA fragments from pIcsA using oligonucleotides ( (Table 2) . To generate random mutants specifically over the PT region-encoding portion of pIcsA, domain-targeted random mutagenesis was performed according to the GeneMorph II EZclone Domain Mutagenesis kit (Agilent Technologies) protocol using md5/6 primers ( Table 2 ). The resultant random mutant pIcsA pool was transformed into RMA2041, colonies were manually screened by immunofluorescence (IF) microscopy (see below) for aberrant surface polarity and resultant alleles were identified by DNA sequencing. See Fig. S1 (available in the online Supplementary Material) for sample images from the screening process.
Antibodies. Polyclonal rabbit anti-N-WASP and polyclonal rabbit anti-IcsA were produced and validated as described previously (May & Morona, 2008; Van den Bosch et al., 1997) . Monoclonal mouse anti-DnaK antibody was from Enzo Life Sciences. Polyclonal donkey anti-rabbit Alexa Fluor 488 and donkey anti-rabbit Alexa Fluor 594 antibodies were from Invitrogen. Horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit antibodies were used for Western blotting and detected using chemiluminescence (Sigma).
Total bacterial protein samples. In total, 5|10 8 bacteria from a exponential-phase culture were collected by centrifugation (16 000 g, 1 min, 4 uC), resuspended in 100 ml SDS-PAGE loading buffer (Lugtenberg et al., 1975) and heated to 100 uC for 10 min before SDS-PAGE and immunoblot analysis.
Bacterial IF IcsA labelling. Bacterial IF labelling was conducted as described previously (Doyle et al., 2015b) . All solutions to be used were filtered through 0.2 mm nitrocellulose. Samples of 10 8 exponential-phase bacteria were harvested by centrifugation (16 000 g, 2 min, 20 uC), fixed in 3.7 % (v/v) formaldehyde solution in PBS (20 min, 20 uC, with intermittent vortexing), washed twice in PBS and resuspended in 100 ml PBS. Sterile round coverslips (at the bottom of a 24-well tray) that were pre-treated with 10 % poly-L-lysine solution (Sigma) were spotted with 5 ml of the fixed bacteria (vortexed prior to spotting), centrifuged (775 g, 5 min, 20 uC) and then incubated for 2 h at 20 uC with anti-IcsA antibodies diluted 1 : 100 in PBS containing 10 % (v/v) FCS. Bacteria were then washed three times with PBS, incubated for 30 min at 37 uC with anti-rabbit Alexa Fluor 488 diluted 1 : 100 in PBS containing 10 % (v/v) FCS and washed three more times with PBS before mounting with 20 % Mowiol 4-88 (Calbiochem)/4 mg p-phenylenediamine ml 21 . Cell infection and N-WASP/F-actin/DNA labelling. Infection of semi-confluent HeLa cell monolayers with S. flexneri was conducted as described previously (Doyle et al., 2015a; Teh et al., 2012) . HeLa cells were grown on sterile round coverslips (at the bottom of 24-well trays). Exponential-phase bacteria were harvested by centrifugation (16 000 g, 2 min, 20 uC) and diluted to 3|10 8 bacteria ml 21 in Dulbecco's PBS (D-PBS). HeLa cells were washed with 10 % (v/v) FCS in minimal essential medium (MEM), and then 80 ml bacteria was added before centrifugation (500 g, 5 min, 20 uC) to assist adhesion and invasion. After incubation at 37 uC with 5 % CO 2 for 1 h, cells were washed three times with D-PBS, and incubated for a further 1.5 h with 500 ml MEM supplemented with 10 % (v/v) FCS and 40 mg gentamicin ml 21 . Cells were then washed three times with D-PBS, treated for 15 min with 3.7 % (v/v) formaldehyde solution (Sigma) in PBS and washed twice with PBS. Cells were incubated with 50 mM NH 4 Cl in D-PBS for 10 min, washed with PBS, permeabilized with 0.1 % (v/v) Triton X-100 in PBS for 5 min and washed with PBS. Cells were blocked with 10 % (v/v) FCS in PBS for 20 min, before incubation with anti-N-WASP diluted at 1 : 100 in PBS containing 10 % (v/v) FCS for 30 min at 37 uC. Cells were washed three times with PBS, and then incubated for 1 h at 37 uC with donkey anti-rabbit Alexa Fluor 594 and Alexa Fluor 488 phalloidin (Invitrogen) diluted to 1 : 100 and 1 : 200, respectively, in PBS containing 10 % (v/v) FCS. These were then washed three times with PBS; DNA was stained with 10 mg DAPI ml 21 for 1 min, washed three times with PBS again and mounted for microscopy as described above for bacterial IF IcsA labelling.
Microscopy and quantification. All microscopy images were captured using an Olympus IX-7 Microscope and MetaMorph software (version 7.7.1.0; Molecular Devices) with a phase-contrast|100 oil immersion objective and a |1.5 enlarger. For fluorescence imaging, an X-Cite 120Q lamp was used set at high intensity. Live bacterial imaging was conducted at 37 uC on custom-made 1 % (w/v) LBagarose solid media mounts before fluorescence imaging and polar foci counts. All bacterial IcsA and N-WASP fluorescence images were acquired with 100 and 500 ms exposures, respectively. Fluorescence images for background correction were also taken using the same exposure times. MetaMorph line-scan measurement tools were used as described previously (Doyle et al., 2015b) to quantify IcsA fluorescence intensities across the perpendicular axis of a point-to-point scan of separate bacteria. Scans were conducted from pole to pole starting from the intense pole, with scan width (perpendicular axis) equal to the bacterium. For each strain under investigation, cumulative scans were conducted on many bacteria (50 bacteria from each independent experiment 'n') that were without a visible septum, resulting in distribution profiles representative of the population. The new pole was expressed as 'mean new poles' on the distribution profiles due to variance in the length of bacteria. Polarity was measured as the quotient of the old pole (first 25 % of the bacterium) IcsA intensity and the new pole (last 25 % of the bacterium) IcsA intensity. Representative IcsA images for qualitative presentation were recoloured using the ImageJ look-up tables.
Plaque formation assay. Plaque formation assays were conducted as described previously (Oaks et al., 1985; Teh & Morona, 2013) . HeLa cells were grown overnight to a confluent monolayer in MEM with 10 % (v/v) FCS in a six-well tray. Prior to infection monolayers were washed twice with D-PBS and once in Dulbecco's modified Eagle's medium (DMEM). Samples of 10 8 exponential-phase bacteria were harvested (16 000 g, 2 min, 20 uC), resuspended in 1 ml of DMEM and serial diluted to 10 5 cells ml 21 in DMEM before 200 ml was added to each well. Trays were incubated (37 uC, 5 % CO 2 ) with gentle rocking every 15 min. At 120 min post-infection, the wells were aspirated and 3 ml DMEM, 5 % (v/v) FCS, 20 mg gentamicin ml 21 and 0.5 % (w/v) agarose (SeaKem ME) overlay mixture was added to each well before further incubation (37 uC, 5 % CO 2 ) to set. The second overlay [DMEM, 5 % (v/v) FCS, 20 mg gentamicin ml 21 , 0.5 % (w/v) agarose and 0.1 % (w/v) Neutral red (MP Biomedicals)] was added at 48 h post-infection before further incubation at 37 uC with CO 2 (5 %). Wells were photographed at 70 h post-infection from a standardized height and plaque diameter was quantified using MetaMorph image analysis software. IcsA passenger structural modelling. Modelling of IcsA was achieved using the I-TASSER server for protein structure and function prediction (http://zhanglab.ccmb.med.umich.edu/I-TASSER) which uses threading and ab initio modelling (Roy et al., 2010; Xu et al., 2011) . In order to model only the passenger domain of IcsA, the amino acid input range was IcsA52-735. The model had a high Cscore of 0.15 (possible range 25 to 2, where higher values signify higher confidence in the model) and a TM-score of 0.73+0.11 (w0.5 indicates correct topology, v0.17 indicates random similarity). The following templates contributed to the model: Hap [Protein Data Bank (PDB) ID: 3SYJ], Pertactin (PDB ID: 1DAB), IcsA autochaperone (PDB ID: 3ML3), Hbp (PDB ID: 1WXR) and EspP (PDB ID: 3SZE).
RESULTS

Relative contribution of nPT and cPT to IcsA PT
A previous study had fused nPT or cPT regions to GFP and shown that either region was sufficient for directing polar localization of the fusion protein. More recently, the nPT region was shown to be remarkably permissive for insertion mutations that did not affect polar localization of fulllength IcsA (May & Morona, 2008) . Conversely, insertions in the cPT region could disrupt the polar localization of IcsA, despite the presence of an intact nPT region (May & Morona, 2008) . Collectively, these data questioned the contribution of the nPT region for determining IcsA polar localization. To advance the investigation of IcsA polarity and the determinants that drive PT, these inconsistencies needed to be resolved. To this end, we designed a series of IcsA fusions to improved GFP (GFP + ) (Scholz et al., 2000) and evaluated their cell polarity upon expression in E. coli to detect IcsA intrinsic effects (Fig. 1) . IcsA1-104-GFP + (nPT) did not form polar foci in our experimental system (Fig. 1b, c) . We also tested IcsA53-104-GFP + and IcsA53-505-GFP + , reasoning that the nPT region may act in synergy with a larger portion of the passenger domain. However, no bacteria exhibited polar foci upon expression of IcsA53-104-GFP + and only 0.5 % of bacteria exhibited polar foci upon expression of IcsA53-505-GFP + (Fig. 1b) . Indeed, even the control fusion IcsA105-505-GFP + lacking both PT regions produced a higher number of polar foci (2.5 %) ( Fig. 1b) .
Only when the fusion contained the cPT region (IcsA105-620-GFP + ) did we observe a propensity for polar foci formation (58 % of bacteria) (Fig. 1b) . The fusion of the cPT region itself to GFP + (IcsA506-620-GFP + ) produced the highest proportion of polar foci-positive cells (64 %) from all the fluorescent fusions tested (Fig. 1b) .
We also note that the frequency of IcsA506-620-GFP + foci formation observed here was lower than that previously reported for this region (Charles et al., 2001) . These discrepancies may be explained by our use of gfp + for IcsA fusions, over the previously used gfpmut2, as GFP + has folding-optimized mutations (Scholz et al., 2000) . It has been reported that IcsA507-620-GFPmut2 is only 30 % soluble (Rokney et al., 2009 ); therefore, the use of folding-optimized GFP + may have limited the likelihood of non-specific aggregation due to unfolding and increased the stringency of our experiments. These data, and those of previous studies (May & Morona, 2008) , strongly support the cPT region as the primary region of IcsA that mediates polarity.
Identification of cPT residues important for driving IcsA polarity
We next focused our attention on determining important polarity-augmenting residues within the cPT region. We first conducted domain-targeted random mutagenesis on the cPT region of IcsA whilst retaining the fidelity of the rest of the encoded protein (see Methods). The plasmid pIcsA (Van den Bosch & Morona, 2003) , which contains the icsA gene, was used as the target for this mutagenesis. Generated random pIcsA cPT mutant plasmids were then transformed into an S. flexneri 2a icsA 2 strain (RMA2041) and 100 IcsA cPT putative mutant transformants (PT1 to PT100) were screened individually via IF microscopy for defects in IcsA surface localization. Nine of the 100 transformants were found to have altered IcsA localization compared with WT IcsA (IcsA WT ) (see Fig. S1 for sample IF images obtained during screening). The pIcsA cPT mutant plasmids from these isolates were subsequently isolated and sequenced to identify encoded substitutions. These were then mapped on the amino acid sequence of the cPT region as a hit frequency plot (Fig. 2a ).
These mutations appeared to cluster as two 'hot-spots' spanning residues IcsA522-535 (HS1) and residues IcsA562-567 (HS2) that, coincidentally, overlapped 5 aa insertion sites (i532 and i563, respectively) previously found to disrupt polar localization (May & Morona, 2008) . Interestingly, single substitutions were identified that were able to cause dramatic effects on IcsA localization. These included IcsA M562R , IcsA W522R and IcsA G531W pictured in Fig. 2(b) . As controls, we specifically substituted IcsA T563 and IcsA R564 to alanine to assess the involvement of residues close to IcsA M562 . IcsA T563A had indistinguishable localization compared with IcsA WT and IcsA R564A exhibited only a minor decrease in polar IcsA (Fig. 2b) . In terms of total cellular protein levels, IcsA T563A , IcsA R564A , and IcsA W522R each had equivalent levels to IcsA WT (Fig. 2c ) when examined by Western blotting. IcsA M562R and IcsA G531W , however, had decreased overall levels in the bacteria compared with IcsA WT , indicating a defect in protein stability (Fig. 2c) .
To quantify the importance of each of these substitutions on IcsA's resultant surface localization, we modelled IcsA surface distribution profiles on a population basis using anti-IcsA IF microscopy and multi-cell intensity scanning (see Methods). The resultant surface distributions for the IcsA cPT mutants were varied (Fig. 2d, e ). The distribution profiles for IcsA WT and IcsA T563A were similar, and were not significantly different with regard to IcsA at the pole (Fig. 2d ) and polarity value ( Fig. 2e ). There was also no significant difference for IcsA R564A , yet there was a trend of decreased IcsA at the pole (Fig. 2d ). IcsA M562R , IcsA W522R and IcsA G531W all had significant decreases (83.7, 59.5 and 91.7 % decreases, respectively) in IcsA at the pole compared with IcsA WT (Fig. 2d) . These also displayed polarity values that were generally half that of IcsA WT (Fig. 2e) . Interestingly, mutations that caused decreases in total IcsA cellular levels (IcsA M562R and IcsA G531W ; Fig. 2c ) generally appeared to coincide with larger changes in polarity ( Fig. 2e) , indicating a concentration dependence.
We also tested the ability of the set of IcsA cPT mutants to form plaques on HeLa cell monolayers, which is a strong correlate to Shigella spreading and lesion formation in colonic epithelia. We hypothesized that reductions in Multiple-substitution  caused defect   PT33   L535P, G567S,  M581T, V585I,  I609V, G620S  F546Y, I549N  T582T, V610E   G531R, G567S  V506A plaque size would be responsive to reductions in IcsA polarity. As expected, bacteria expressing IcsA T563A produced plaques of equivalent size to IcsA WT (Fig. 3a, b) . However, IcsA R564A and IcsA W522R each displayed significant reductions in spreading (24.7 and 44.7 % reductions, respectively) compared with IcsA WT (Fig. 3a, b) . Over the period of this experiment, plaques were not visible for both IcsA M562R and IcsA G531W (Fig. 3a, b) , which were shown to have the most severe changes in surface localization (Fig. 2) . Upon comparing the size of these plaques with our polarity quantification, we were able to demonstrate that decreasing polar IcsA or polarity metrics correlates significantly to diminishing plaque diameter (Fig. 3c) . These correlations were well fitted by linear models with strong correlation coefficients. We also conducted N-WASP recruitment assays to determine if the functional differences were due to the effects on surface localization and not an inability to bind N-WASP. All strains expressing IcsA PT mutants were able to bind N-WASP except IcsA M562R (Fig. 3d, bottom panels) . This strongly suggests that the effects on bacterial spreading by all IcsA PT mutants (except IcsA M562R ) were due to the changes in surface localization. Indeed, the formation of normal actin comet tails appeared to be most perturbed for IcsA PT mutants with lower polarity (Fig. 3d, top panels) .
Evidence towards a polarity-determining local structure in the PT region
The single-substitution mutations described above had dramatic effects on end-point IcsA surface polarity. This further supports our focus on the cPT region. The observed importance of HS1 and HS2, although based on limited data, indicates that a local intramolecular structure may be present at this narrower subregion of the cPT region which drives accumulation at the cell pole. We modelled the structure of the IcsA passenger using I-TASSER (Roy et al., 2010; Xu et al., 2011) and, as expected, the predicted model was primarily a b-helical stalk-like structure (Fig. 4a) . Curiously, the portion of IcsA that exhibited the most ordered core b-helical structure was the cPT region ( Fig. 4a, orange) . Furthermore, the two polarity-determining hot-spots HS1 and HS2 were separated by one b-rung (Fig. 4a, inset) . Therefore, we constructed a series of IcsA cPT segment fusions to GFP + to see if disrupting these putative rungs would perturb polarization (Fig. 4b, c ). Fusions containing HS2, but also a partially disrupted HS1 (IcsA532-620-GFP + ) or no HS1 (IcsA538-620-GFP + ), had reduced polar foci formation frequency (49.5 and 50.5 %, respectively) (Fig. 4b, c) compared with that previously observed for IcsA506-620-GFP + (Figs. 1b, c  and 4b, c) . Conversely, the fusion IcsA506-562-GFP + containing HS1 and a disrupted HS2 was completely unable to form polar foci (Fig. 4b, c ). Upon incorporation of the HS2 as fusion IcsA506-570-GFP + there was recovery of foci formation, although with reduced frequency (24.5 %) (Fig. 4b, c ). Whilst we do not exclude the possibility that other small segments of the cPT may be able to induce polar foci formation, we found that the fusion IcsA532-570-GFP + was minimally sufficient to form polar foci (33 %) (Fig. 4b, c ) and its putative structure is shown in Fig. 4(d) . Finally, a fusion containing just the putative HS-separating b-rung IcsA538-562-GFP + (Fig. 4d , purple) did not form any polar foci (Fig. 4b, c) . Region insufficient for PT IcsA538-562 is coloured purple. Information from mutagenesis (green hot-spots and blue/bold residues) and fusion protein analysis shows that PT properties are clustered in and around a conserved PATR motif. Conserved PATR residues are in red.
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These data strongly suggest that a portion of the cPT forms a PT-competent local conformation. The minimal region IcsA532-570 appears to be just enough to fold over into a b-wedge (Fig. 4d) . Indeed, residues such as IcsA W522 and IcsA M562 that were identified to effect IcsA surface localization were closely spaced in the predicted model and were outward facing (Fig. 4a) to enable potential intermolecular protein-protein interactions. Additionally, residue IcsA G531 was putatively situated in the turn of a brung (Fig. 4a ). If these residues provide flexibility for local folding, then it is plausible that the substitution G531W causes enough local disruption to prevent correct PT-competent tertiary conformations. These notions are further supported by the observations described in this work that single-substitution mutations produced varied degrees of perturbed IcsA localization and that larger segments, such as IcsA506-620, are maximally efficient at directing GFP + to cell poles. Intriguingly, this region is overlapped by a highly conserved 32 aa motif called the PATR (IcsA526-557) which we have recently characterized with regard to autotransporter transport across the outer membrane (Doyle et al., 2015a) . This motif appeared to be the focus for IcsA polarity determination with amino acid substitutions that perturbed IcsA polarity located within and flanking this motif (Fig. 4d ).
DISCUSSION
IcsA is localized to one of the cell poles enabling motility of Shigella within infected cells and spreading into neighbouring cells (Goldberg & Theriot, 1995; Goldberg et al., 1993; Kocks et al., 1995; Robbins et al., 2001) . However, the process of IcsA biogenesis, and the mechanism by which IcsA is polarly localized to enable this motility, is still poorly understood.
In this study, we attempted to refine our understanding of intrinsic IcsA PT via its intramolecular PT regions. We focused our attention on the cPT region rather than the nPT region as we only observed substantial polar aggregation of cPT region-containing fusions (Fig. 1) . Using both random and site-directed mutagenesis, we generated substitution mutants within the cPT region that caused significant changes in IcsA surface polarity (Fig. 2) . This caused a linear effect on the ability of S. flexneri to spread (Fig. 3) . Importantly, we detected clustering of critical amino acid residues to subregions within the cPT region (Fig. 2) , which suggested the hypothesis that a small tertiary structure, rather than specific residues, facilitates PT of nascent IcsA. Subsequently, we analysed the ability of smaller segments of the cPT region to polarize GFP + and identified a minimally sufficient 38 aa region (aa 532-570) (Fig. 4) . Coincidentally, this region overlaps a highly conserved 32 aa PATR motif (aa 526-557) which appears to be the focus for IcsA polarity determination. Substitutions that perturbed IcsA polarity were located within and adjacent to this motif.
It is intriguing that residues important for polarity cluster around a conserved PATR motif (motif ID: IPR013425, PF12951, TIGR02601) (Finn et al., 2014) . We have previously observed that the PATR motif is required for the efficient transport of the passenger domain across the outer membrane, is present in many autotransporters and likely prescribes a b-wedge structure (Doyle et al., 2015a) . However, the PATR functions in a separate cellular topology post-secretion and polarity augmentation via the IcsA cPT region is thought to be set up prior to secretion (Charles et al., 2001; Janakiraman et al., 2009) . How might this motif augment IcsA polarity? Most of the polarity-determining residues identified flank the motif, such as IcsA W522 and IcsA M562 (Fig. 4d ). The substitution IcsA G531W is at a conserved site, but is a bulky change that may hinder the local folding of this region. Indeed, we have previously proposed that this and other glycines in the motif are required for folding flexibility (Doyle et al., 2015a) . Therefore, it is seems likely that the motif merely provides a convenient scaffold for the polaritydetermining residues to function in the context of a transient intramolecular structure in the cytosol.
A model of IcsA polarity determination proposed previously by others is remarkably simple and involves aggregation/disaggregation (Rokney et al., 2009 ). It has previously been observed that IcsAPT-GFP fusions behave similarly to thermo-aggregating proteins whereby small randomly distributed aggregates form upon expression, which then coalesce into polar aggregates at the old pole (Rokney et al., 2009) . The preference of aggregates to accumulate at the pole is due to the combined actions of nucleoid occlusion and asymmetrical aggregate inheritance during population expansion (Lindner et al., 2008; Rokney et al., 2009; Sabate et al., 2010; Winkler et al., 2010) . Cytoplasmic chaperones such as DnaK are required for efficient protein disaggregation and polar aggregation, and have also been implicated in IcsA polarity determination (Calloni et al., 2012; Carrió & Villaverde, 2005; Castanie-Cornet et al., 2014; Janakiraman et al., 2009; Rokney et al., 2009; Saibil, 2013) . Although further studies are required to completely understand this process, we suggest that polarity-disrupting substitutions investigated in this work may inhibit the proper functioning of this region in aggregate nucleation and coalescence to the pole. This model relies on there being sufficient IcsA concentration in the cytosol to allow coalescence into polar aggregates and predicts that decreases in total IcsA concentration will cause decreases in resultant surface polarity. This correlates exactly with what we observed for IcsA cPT mutants IcsA M562R and IcsA G531W , which had reduced total cellular levels combined with reduced surface polarity (Fig. 2) . Conversely, we have previously observed an effect of increased cellular levels of IcsA in increasing the tendency of bipolar IcsA distributions (Doyle et al., 2015b) .
In summary, we investigated the roles of intramolecular IcsA regions in polarity determination. Several novel findings have been made: (i) we could not replicate a role for nPT in IcsA polarization, (ii) mutagenesis of the cPT region revealed PT functional hot-spots, (iii) single residues have a measurable (and variable) role in polar determination, and (iv) functional residues and regions cluster around a conserved PATR motif which may provide a functional scaffold for polarity-augmenting residues. These observations fit well with previously proposed models of IcsA polarity augmentation, and stimulate the need to identify the specific interactions and structure of this region during IcsA biogenesis.
